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EXPERIMENTAL VERIFICATION OF KINEMATICALLY
ADMISSIBLE SOLUTIONS FOR INCIPIENT STAGE OF A COHESIVE
SOIL SHOVING PROCESS

D. SZYBA and W. TRAMPCZYNSKI (WARSZAWA)

The results of an experimental investigation of kirematics of cohesive soil in the case of
pushing rigid walls, shaped similatly to heavy machine tools, are shown. The experiments
were performed under plane strain conditions on a model material at several levels of
preconsoﬁddtion. The experimentally observed mechanisms of soil deformation were de-
termined photographically and confronted with theoretical solutions concerning inciptent
plastic motion. Solutions were obtained within the theory of plasticity, under the assump-
tion of kinematically admissible mechanisms and associated flow rule, for a rigid-perfectly
plastic Coulomb—Mohr material. A good agreement with theoretical solutions was ob-
tained.

1. INTRODUCTION

Earth moving processes due to construction works, realized by heavy
machines such as loaders and excavators, are energetically very ineffective
and their optimization can save a lot of energy. Although it is earth cutiing
process itself which is the most important for this problem, it has no proper
theoretical description until now.

A lot of effort was made to describe such a process w1thm the theory
of plasticity, where the problem of active pressure exerted by a rigid wall
on a granular medium (under plane strain conditions) can be assumed as a
simplified model for soil shoving by heavy machine tools {1, 2, 3]. In such a
case, several theoretical solutions (for statics and kinematics) were obtained
under the assumption of rigid-perfectly plastic soil behavior, the method of
characteristics being used. Such approach was applied for the first time, in a
comprehensive way incorporating both the theoretical solutions and experi-
mental verification, by W. SzCzEPINSKI {2, 4, 5]. Then theoretical solutions
for different rigid wall shapes were found and compared with experimental
results obtained under plane strain conditions for non-cohesive soils [6, 7,
8]. A good agreement of the results for several problems of incipient motion
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of the soil was detected, and basic mechanisms of deformation were deter-
mined [5]. Although a number of boundary value problems were solved in
this manner, there exist several limitations in obtaining complete solutions
or even the kinematically admissible ones. As it was shown in [7, 8], it
concerns especially the shape of the free boundary of the material and prac-
tically restricts the possible solutions, to the case of plane and concave free
boundaries and to the incipient motion only. Hence, it can be difficult to
follow this way more advanced earth cutting processes, where the resulting
free boundary becomes convex.

Another approach, based on kinematically admissible mechanisms, was
proposed later {3, 9]. Assuming the rigid-perfectly plastic behavior of a ma-
terial obeying the Coulomb - Mohr yield criterion, kinemadtically admissible
mechanisms (for associated and non-associated flow rules), even for quite
advanced earth shoving processes, were studied [9 — 13]. Although it was
shown that several experimentally observed effects can be described this
way, more complex experimental investigations were not performed.

The aim of this paper was to execute an experimental program concern-
ing the incipient stage of the earth shoving processes in the case of various
pushing wall forms, and to compare the results obtained with kinemati-
cally admissible solutions of the theory of plasticity. The experiments were
performed under the plane strain conditions, on a cohesive model material
being at several levels of preconsolidation. Various pushing wall forms were
moved by means of a special rig, and the experimentally detected mech-
anisms of soil deformation were recorded photographically. The obtained
results were then confronted with the theoretical solutions by assuming sim-
ple kinematically admissible mechanisms [14] and the associated flow rule,
for a rigid-perfectly plastic Coulomb - Mohr material with cohesion. A good
agreement with theoretical solutions was found.

2. KINEMATICALLY ADMISSIBLE SOLUTIONS FOR WALL
PRESSURE PROBLEMS

Let us discuss the problem of rigid wall shoving presented schematically
in Fig. 1. The upper bound of the force P, necessary to push the wall, can
be obtained by assuming an arbitrary, kinematically admissible mechanism.

Assuming the material to be rigid-perfectly plastic and to obey the
Coulomb - Mohr yield criterion

(2.1) {619 — 02) = (014 02+ 2H)sin g,
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FiaG. 1. Rigid wall pressure problem and its kinematically admissible solution.

where ¢ — material cohesion, ¢ — internal friction angle and H = ¢ - ctg e,
the associated flow rule takes the form:

(2.2) fij= A eiid

where G{o;;) represents a plastic potential which is described by the yield
criterion (Eq. {2.1)).

According to the limit load theorems [15], any statically admissible sol-
ution defines the lower bound of the limit load, and any kinematically ad-
missible one defines the upper bound. Hence, if it is not possible to find
complete solutions of a certain problem, one can try to find the upper or
the lower bound of the limit load {or both).

In this paper, the kinematically admissible solutions for a rigid wall shov-
ing process are presented. By kinematically admissible we mean an arbitrary
solution satisfying all kinematical constrains and the positive dissipation en-
ergy equation. In the case shown in Fig.1, simple kinematically admissible
mechanism consists in the motion of rigid wedge BC sliding along the dis-
continuity lines BC and BA. It is possible to show [3] that for the associated
flow rule and the Coulomb -~ Mohr yield criterion (2.1), the energy dissipation
under plane strain conditions is described by the following relation:

(2.3) D=c-cosp(é — &)

and along the discontinuity line (BC) the unit energy dissipation is [Fig. 2]
(2.4) Dp=c-cosp. AV, S

Taking the friction rule between the wall and the medium in the form [16]

(2.5) T =cf+ 0n - 184,
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FiG. 2. Relations of a discontinuity line.

where 7; is the shear stress along the contact line, o, is the normal stress
along the contact line, p = tgdé (6 <= @) denotes the friction coefficient
and ¢; (c; <= c) is the adhesion along the contact line, the unit energy
dissipation along AB is described by the following relation:

(2.6) Df = Cf . AVf .cosd.

Hence, the upper bound of the force (in the case shown in Fig. 1) can be
calculated from the following energy equation:

(2.7) P-VD:G-Vg+c;-Vf-cosé-AB-}—c-Vgocosap-BC,

where P is the upper bound of the force, G is the gravity force, Vig is the
lifting velocity, and AB and BC' are the slip-lines lengths (the same form
should have the erroneocusly printed Eq. (2.8) in paper [14] of these authors).

As it was mentioned before, a kinematically admissible solution is an
arbitrary solution satisfying all kinematic constrains and the condition of
non-negative energy dissipation. Taking into account the limit load theor-
ems, we are looking for a solution yielding the minimum energy dissipa-
tion. Such an investigation is very subjective and needs a lot of experience,
first of all due to small energetic difference between the mechanisms as-
sumed (especially in more advanced cases). Hence, in [14] the analysis was
limited to three types of mechanisms shown in Fig. 3 with the correspond-
ing hodographs. They can be named, respectively, one slip-line solution
(Fig.3a), three slip-line solution (¥ ig.3b) and solution with a logarithmic
slip-line (Fig.3¢). In the case of walls shaped similarly to the loading ma-
chine buckets (L-shaped), such basic mechanisms are shown in Fig.4.

The same approach was adopted also in this paper. Theoretical investi-
gation was limited to the three types of mechanisms mentioned above, and
then the solution securing the minimum energy dissipation was compared
with the experimental results. ‘
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FIG. 4, Kinematically admissible mechanisms for a wall shaped similarly to the loading
machine tools.

3. DESCRIPTION OF THE EXPERIMENTS

The experimental investigation was performed on twospecial test devices.

The first one (STAND I}, which is a modified version of the stand de-
scribed in [8], is schematically shown in Fig.5. It allows a plane flow to
be realized in a certain volume of the material contained (1) in a 1500 x
390 x 330mm box (or 600 x 150 x 130 mm, small box ~ 2). The material
moves (with velocity V) together with the container along a special track
(8), which can change its slope (3), and the investigated walls (f) of vari-
ous forms (model tools — of this same width as the box itself) are kept fixed
(the grip of model tools (7) can also change its inclination). The front and
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rear walls of the container (! and 2) are transparent to enable photographic
recording of the soil motion. A loading cell (§), horizontally attached to the
model wall, allows for the horizontal force measurement during the shoving
process. Horizontal displacement was measured by the extensometer (6).
Force- displacement relation was continuously recorded by the computer as
well as the moment {controlled manually) of the camera shutter opening.

7 & 4 2 i

Fic. 5. Simple experimental device (STAND I): 1 — material container, 2 - small

material container, 3 — screw enabling the change. of velocity direction, 4 — model of tool,
5 — loading cell, 6 — extensometer, 7~ tool grip model, 8 —~ container track.

Although, the stand mentioned above, enables the observation of the soil
kinematics in the case of plane strain processes, it allows only for a very sim-
plified, small scale tests. Hence, a large-scale and fully computer-controlled
stand (STAND II), was designed and built (Fig.6) [17]. It consists of a fixed
container (7.5 x 1.3 X 1.4m) having transparent walls to enable photographic
recording of the material motion. The walls of various forms (1) move within
the box (which is partially filled with scil) in one plane by means of three
hydraulic jacks providing its horizontal (2), vertical () and rotary (4) dis-
placements (hydraulic jacks in such configuration were chosen to simulate
the kinematics of loaders). Motion of the jacks is fully computer-controlled
through the electric, proportional valves and a hydraulic pnmp. Models
of different machine tools are attached to a special movable frame (5, 6 —
moved by the jacks mentioned above} through a set of loading cells (7) en-
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abling the measurement of horizontal and vertical forces and of the moment.
Displacement of the tool is measured by two linear extensometers and a ro-
tation one. All the data obtained this way are then elaborated (and stored)
by the computer and used for the “on line” movement control.
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FIG. 6. The fully automated stand for heavy machine tools investigation (STAND II):
1 — model of tool, £ — horizontal hydraulic jack, & — vertical hydraulic jack, 4 - rotation
hydraulic jack, § — horizontal movable frame, 6~ vertical movable {rame, 7 - loading
cells.

In the case of both stands, the container was filled with especially pre-
pared cohesive medium consisting of:

cement 350 — 50%, bentonite — 20%, sand — 18% and white vaseline -
12%, having the following parameters: ¢ = 24° (internal friction angle),

= 18.4kN/m? (it was assumed that on the rigid wall (2.5): ¢y = 10kPa
and 6§ = 11.3°). Then, the medium was mechanically preconsolidated by
means of a special device, based on the idea of a certain mass dropped from
different heights. Special procedure allowed to obtain a uniform medium
for two different cohesion values, ¢ = 20kPa and ¢ = 30kPa in the case of
STAND I, and ¢ = 20kPa in the case of STAND IL

The stands mentioned above {construction and control System in the
case of automated stand) and the material preconsolidation technique have
ensured full repeatability of both the kinematic and static results.
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Using the stands mentioned above it was possible to perform a wide
program for soil shoving, using L-shaped model tools with different H/L
ratios (Table 5): H/L = co (plane wall), H/L =1, H/L = 0.5 and H/L =
0.3. The moving soil kinematics and force-displacement relation, for cohesive
material preconsolidated up to ¢ = 20kPa and ¢ = 30kPa, were observed
and recorded during the experiments.

Unfortunately, the consistence of the model material (vaseline, cement,
etc.) made it impossible to use the photogrammetric technique {18] to mea-
sure the plane deformation of the soil. Instead, it wasfound that the material
deformation consists in rigid zones motion, and for more advanced processes
sliding lines visible cracks appear. Hence, the material kinematics was ob-
served and recorded as a motion of rigid zones and development of cracks
as a result of material shearing along the slip-lines. It was then compared
with kinematically admissible solutions for incipient motion. Proper solu-
tions were found in such a way that three types of mechanisms (Fig. 3 and 4)
were calculated and those leading to minimum dissipated energy (presented
together with the Tables) was then compared with the experimental results
(Table 1-12). '

4. EXPERIMENTAL RESULTS

Photographs showing a typical shoving process are presented in Fig. 7a-h
(STAND I, ¢ = 30kPa, H = 55mm, L = 60mm). As it was mentioned be-
fore, the material deformation is represented by rigid zones sliding along the
slip-lines. Force-displacement relation shows that horizontal force grows as
the process advances, but in an unstable manner (Fig. 7a). It first increases
to a certain maximum and then decreases reaching a minimum. The consec-
utive maxima (except the first one) and minima increase. The moment of
reduction of the force coincides with creation of a kinematic mechanism orig-
inating from the rigid wall end (Fig. 7b corresponds to the Point 4 marked
in Pig. 7a; Fig. 7c — Point 10; Fig. 7d — Point 16; Fig. 7e — Point 17; Fig. 71
— Point 18; Fig.7g — Point 21; Fig. 7h — Point 22). Such mechanisms are
created periodically.

The experimental result in the case of incipient motion of L-shaped tool
(H = 55mm, L = 120mm) is shown in Fig. 8a for material with ¢ = 20kPa.
For such a tool the material deforms as a rigid triangle sliding along two lines
(Fig.4c). It was also theoretically found that such a kinematic solution leads
to the minimum dissipated energy. Comparison with experimental result is
shown in Fig.8b (dashed lines).
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TG, 7. Typical deformation of cohesive soil in the case of the advance shoving process.
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Fia. 8. Typical experimental result for an incipient tool motion and its theoretical
prediction (dashed lines).
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I).

Table 1. (STAND
experiment
angle theory
1 2 3 {avar
o | 54.0159.0]58.0]57.0] 56.7
e | =1 =1 =1 -1 567
7° 80.0 | 74.0174.0 | 76.0 ] 78.0
Table 2. (STAND I).
experiment
angle theory
1 2 3 {avar
o® |60.0|60.0[54.0{58.0| 56.7
p° | B8.057.0|58.0]57.6] 56.7
7° | 80.0{66.0 | — - 78.0
Table 3. (STAND II).
experiment
angle theory
1 2 3 {avar
o® {52.055.0]54.0{53.7| 56.7
p° §53.058.0]54.0]550| 56.7
7® {76.0(79.0175.076.7| 78.0
Table 4. (STAND II).
experiment
angle theory
1 2 3 |avar
o | 59.0{58.0{58.0:58.3| 56.7
p° | 550 (54.0152.0(53.7] 56.7
7° 79.0182.0181.0[80.7] 78,0

i

H

55 mm
20 kPa

55 mm
30kPa

100 mm
20kPa

180 mm
20 kPa

In all the cases considered it was found that the theoretically predicted
mechanisms coincide very well with experimental results. Hence, in the
Tables 1-12, results are presented in such a way, that only the experimental
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| l L

Table 5. (STAND I).

experiment
angle theory
1 2 3 Javar H = 55mm
o’ 61.0 | 58.0 | 55.0 | 58.0 | 56.7 L = 60mm
p° {55.0|54.0|55.0|54.6| 56.7 ¢ = 20kPa
7° 45.0 141.0 | 45.0 | 43.6 | 47.6

Table 6. (STAND I).

experiment
angle theory
1 2 3 {avar H = 5%mm
o [60.0[60.057.0§59.0 )" 56.7 L = 60mm
p° | 56.0|55.0 (550553 56.7 ¢ = 30kPa
7° 143.0{44.0 | 45.0 [ 44.0| 47.6

Table 7. (STAND II).

experiment
angle theory
12 | 3 |avar H = 180mm
a® | 58.0157.0]58.0|57.6| 56.7 L = 180mm
p° ]52.0[55.0]67.0|54.7| 56.7 ¢ = 20kPa
7° 146.0 | 47.0 | 44.0 | 45.7| 45.0

slip-line inclinations (for three following experiments of the same type) are
compared with theoretical prediction preceding every set of Tables. In the
case when distinct cracks were not observed, dashes (—) were put in proper
places of the Tables. '

In the case of L-shaped “long tools” (H/L = 0.33), a process similar to
a stream flow was detected and cracks, characteristic for rigid zones moving
along the slip-lines were not observed.
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Table 8. (STAND I).

Table 11, (STAND II).

angle | experiment | theory
a® 45.0 46,7
0° 58.0 60.0
A° 16.0
H = 100mm
L = 180mm
¢ = 20kPa

experiment
angle theory H
1 2 3 |avar
L
o | 57.0156.0]58.0]57.0] 56.7 e
p° 57.0 | 58.0 | 57.0 [ 57.3 | 56.7
Table 9. (STANDI).
experiment
angle theory o
1 2 3 Javar
L
a® |57.0]57.0}58.0|57.3] 56.7 c
p° 59.0 {58.0 [ 58.0 | 58.3 1 56.7
Table 10. (STAND II).
experiment
angle theory H
1 2 3 javar
L
a® |57.0{58.0|58.0|57.6| 56.7 ¢
p° 55.0 | 54.0155.0 1 54.6 | 56.7

55 mm
120 mm
20 kPa

55 mm

It

120 mm
30kPa

= 180 mm
= 3H0mm
= 20kPa

Table 12. (STAND II).

[259]

angle | expertment | theory
a® 37.0 36.7
o° 79.0 76.0
A° 20.0

H = 45mm

L = 180mm

¢ = 20kPa
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5. CONCLUSIONS

The results presented above can be summarized as follows:

1. The experimentally tested cohesive material deforms, in the process
of pushing rigid walls, as rigid zones sliding along the slip-lines. Only in the
case of “long” loader-type shapes (H/L = 0.33), a different mechanism was
observed. '

2. The resulting force grows, as the process advances, in an unstable
manner and every moment of its reduction coincides with creation of a kine-
matic mechanism originating from the rigid wall end. Such mechanismas are
formed periodically (Fig. 7).

3. Meanwhile, “internal” mechanisms can appear (Fig. 7), but they have
no visible influence on the resulting force.

4. Deformation mechanisms, for incipient motion, can be well described
by simple kinematically admissible solutions based on the rigid-perfectly.
plastic Coulomb - Mohr material and the associated flow rule. Material di-
latation (along the slip-lines) is observed as development of the cracks.

5. It is worth to mention that, using the method of characteristics for
incipient motion, similar ranges of the deformed zones will be obtained, but
it can be difficult to describe more advanced process in this manner.

Tt is well known that the associated flow rule for Coulomb - Mohr material
usually predicts unrealistic material dilatation and is not recommended for
theoretical description. In spite of this effect, it was found (for the material
described above) that such an assumption gives very good prediction of the
shapes of the rigid zones for incipient motion of the material. In such a case,
the predicted material dilatation is observed in the form of cracks appearing
along the discontinuity lines and such an approach can be applied.
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